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Background. Data derived from epidemiological
and experimental studies suggest that alpha-
linolenic acid (ALA; 18:5n-3), the main -5 polyun-
saturated fatty acid (PUFA) present in the Western
diet, may have protective effects in breast cancer
risk and metastatic progression. A recent pilot clini-
cal trial assessing the effects of ALA-rich dietary
flaxseed on tumor biological markers in post-
menopausal patients with primary breast cancer
demonstrated significant reductions in tumor
growth and in HER2 (erbB-2) oncogene expression.
Hypothesis. The molecular mechanism by which
ALA inhibits breast cancer cell growth and meltasta-
sis formation may involve a direct regulation of
HERZ2, a well-characlerized oncogene playing a key
role in the etiology, progression and response to
some chemo- and endocrine therapies in approxi-
mately 20% of breast carcinomas.

Methods. Using HER2-specific ELISA, flow cytome-
try, immunofluorescence microscopy, Western blot-
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ting, RT-PCR and HER2 promoter-reporter analy-
ses, we characterized the effects of exogenous sup-
plementation with ALA on the expression of HER2
oncogene, a masler key player in the onsel and
metastasis formation of breast cancer disease.
Metabolic status (MTT) assays were performed to
evaluate the nature of the cytotoxic interaction he-
tween ALA and the humanized anti-H ER2 mono-
clonal antibody trastuzumab (Hercepu'n®). To study
these issues we used BT-474 and SKBr-3 breast can-
cer cells, which naturally exhibit amplification of
the HER2 oncogene.

Results. ALA treatment dramatically suppressed the
expression of HER2-coded pi8sHer-2/neu oneopro-
tein as determined by ELISA, flow cytometry, im-
munofluorescence microscopy and immunoblotling
techniques. Interestingly, ALA-induced down-regu-
lation of pi85Her¥/neu copprelated with a transcrip-
tional response as no HER2 mRNA signal could be
detected by RT-PCR upon treatment with optimal
concentrations of ALA (up to 20 pM). Consistent
with these findings, ALA exposure was found to
dramatically repress the activity of a Luciferase re-
porter gene driven by the HER2 promoter
Moreover, the nature of the cyloloxic interaction be-
tween ALA and trastuzumab (Herceplin®) revealed
a significant synergism as assessed by MTT-based
cell viability assays.

Conclusions. ©) These findings reveal that the @-3
PUFA ALA suppresses overexpression of HER2 on-
cogene at the transcriptional level, which, in turn,
interacts synergistically with anti-HER2 trastuzum-
ab-based immunotherapy. 7f) Our results molecu-
larly support a recent randomized double-blind
placebo-controlled clinical trial suggesting that
ALA may be a potential dietary alternative or ad-
junct to currently used drugs in the management of
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HER2-positive breast carcinomas, i) Considering
our previous findings demonstrating the <HER2 up-
regulatory actions» of the @6 PUFA linolenic acid
(LA; 18:2n-6) and the <HER2 down-regulatory ac-
tions» of the @-3 PUFA docosahexaenoic acid (DHA;
22:6n-3) and of the @-9 monounsaturated fatty acid
oleic acid (OA; 18:1n-9), it is reasonable to suggest
that a low @-6/@-3 PUFA ratio and elevated MUFA
levels, the two prominent «fat features» of the
«Mediterranean diet», should be extremely efficient
at blocking HER2 expression in breast cancer cells,

Key words: HER2, erbB-2, alpha-linolenic acid, trastu-
zumab, Herceptin, fatty acids, breast cancer.
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INTRODUCTION

Alpha-linolenic acid (ALA; 18:53n-3) is the main o-3
polyunsaturated fatty acid (PUFA) present in the
Western diet and found in green vegetables such as
flaxseed, more commonly known as linseed, and in
several vegetable oils including rapeseed and soy-
bean. Data derived from epidemiological and experi-
mental studies suggest that ALLA may have protective
effects in breast cancer risk and metastatic progres-
sion. First, Bougnoux et al! reported an inverse corre-
lation between the level of ALA in breast fat and the
development of metastasis subsequent to breast can-
cer treatment. Second, low ALA acid content of adi-
pose breast tissue was associated with an increased
risk of breast cancer in a case-control study?®. Third,
diets rich in ALA have been shown to inhibit the
growth of spontaneous or carcinogen-induced mam-
mary carcinomas in animals, and the proliferation of
human mammary tumor cells in vitro, independent
of the production of long-chain e-3 PUFAs?7. Fourth,
a randomized double-blind placebo-controlled clini-
cal trial recently demonstrated that ALA-rich dietary
flaxseed has the potential to reduce tumor growth in
patients with breast cancer by increasing apoptosis
and reducing the expression of the HER2 oncogene?®.

At present, HER2 (also called neu and erbB-2) repre-
sents one of the most important oncogenes in breast
cancer. HERQ codes for the p185Her2/met oneoprotein,
a transmembrane tyrosine kinase orphan receptor®t0,
HER2 amplification and overexpression occurs in ap-
proximately 20% of invasive breast carcinomas and is
correlated with unfavorable clinical outcome'!-13,
Expression of high levels of HER2 is sufficient to in-
duce neoplastic transformation of some cell lines!*13,

suggesting a role for HER2 in the etiology of some
breast carcinomas. In this regard, HER2 is overex-
pressesed and/or hyperactivated in pre-neoplastic
breast lesions such as atypical duct proliferations and
in ductal carcinoma in situ of the breast!®!7. Moreo-
ver, HER2 is a metastatic-promoting gene, enhancing
the invasive and metastatic phenotype of breast can-
cer cellsi®19,

Using HER2-specific ELISA, flow cytometry, immu-
nofluorescence microscopy, Western blotting, RT-
PCR and gene reporter analyses, we here assessed the
effects of ALLA on the expression of HER2 oncogene in
breast cancer-derived BT-474 and SK-Br3 cell lines,
which exhibit HER2 oncogene amplification and are
HER2-dependent??,

MATERIALS AND METHODS
Cell lines and culture conditions

The human breast cancer cell lines SK-Br3 and BT-
474 were obtained from the American Type Culture
Collection (ATCC), and they were routinely grown in
phenol red-containing improved MEM (IMEM, Bio-
source International, Camarillo, CA, USA) containing
5% (v/v)-heat-inactivated FBS and 2 mM L-glutamine.
Cells were maintained at 37 °C in a humidified at-
mosphere of 95% air and 5% COg. Cells were
screened periodically for Mycoplasma contamination.

Materials

Alpha-linolenic acid (ALA; 18:35n-3) and vitamin E
(dl-a-tocopherol) were purchased from Sigma-
Chemical (St. Louis, MO, USA). The cultures were
supplemented, where indicated, with fatty acid-free
bovine serum albumin (FA-free BSA, 0.1 mg/ml)
complexed with a specific concentration of ALA. A
BSA/ALA concentrated (X100) was formed by mixing
1 ml of BSA (10 mg/ml) with various volumes (1-10
pl) of ALA (200 mg/ml) in ethanol. The concentrate
was mixed for 30 min at room temperature before ad-
dition to the cultures. Control cultures contained un-
complexed BSA. Trastuzumab (Herceptin®) was kind-
ly provided by the Evanston Northwestern Healthcare
Hospital Pharmacy (Evanston, [llinois, USA).

The mouse monoclonal antibodies for HER2-coded
pigsHer-2/neu nrotein (Ab-5 and Ab-3 clones, directed
against the extracellular domain and the carboxyl ter-
minal 14 amino acids of p185Her-2/neu pegpectively)
were from Oncogene Research Products (San Diego,
CA). Anti-B-actin goat polyclonal antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA).

HERZ2-specific ELISA

For quantitative determination of pi8sHer-2/neu  the
Human neu Quantitative ELISA System (Oncogene
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Science, Bayer Diagnostics) was applied according to
the manufacturer’s protocol. This immunoassay for
detection and quantification of HER2 is sandwich as-
say utilizing a mouse monoclonal antibody (capture
antibody coated onto microtiter wells) and a rabbit
polyclonal serum (detector antibody). To assess the ef-
fects of ALA on HER2 protein concentration, breast
cancer cells, after a 24 h starvation period in media
without serum but with 0.5% FA-free BS, were incu-
bated for 48 h with 0.5% FA free-BSA (controls) or in-
creasing concentrations of ALA (10 and 20 pM).
1:5,000-1:10,000 dilutions of total cell lysates from
ALA-treated and control untreated SK-Br3 and BT-474
breast cancer cells were used to quantitate HER2 pro-
tein expression in cell cultures. The amount of detector
antibody bound to antigen was detected using a goat
anti-rabbit IgG/horseradish peroxidase conjugate.
After the addition of the ecromogenic substrate tetram-
ethylbenzidine (TMB), the color range was measured
at 492 nm using a microplate reader. A standard curve
was generated by using standard solutions as per man-
ufacturer’s instructions. The concentration of HER2 in
test samples was determined by interpolation of the
sample absorbances from the standard curve.

Flow cytometry

Cells were seeded on 100-mm plates and cultured in
complete growth medium. Upon reaching 75% conflu-
ence, the cells were washed twice with pre-warmed
PBS and cultured in serum-free medium overnight
ALA was added to the culture as specified, and incu-
bation was carried out at 37 “C up to 48 hours in low-
serum (0.1% FBS) media. After treatment, cells were
washed once with cold PBS and harvested by scrap-
ping in cold PBS. The cells were pelleted and resus-
pended in cold PBS containing 1% FBS. The cells were
then incubated with an anti-p185Her2/8e8 mouge
monoclonal antibody (clone Ab-5) at 5 pg/mifor 1 h at
4 °C. After this, the cells were washed twice with cold
PBS, resuspended in cold PBS containing 1% FBS, and
then incubated with a fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG secondary anti-
body (Jackson Immunoresearch Labs, West Grove,
PA) diluted 1:200 in cold PBS containing 1% FBS for 45
min at 4 *C, Finally, the cells were washed once in
cold PBS, and flow cytometric analysis was performed
with a FACScalibur flow cytometer (Becton Dickin-
son, San Diego, CA) equipped with Cell Quest
Software (Becton Dickinson). The mean fluorescence
signal associated with cells for labeled p1835Her-2/neu
was quantified using the GEO MEAN fluorescence pa-
rameter provided with the software.

Semi-quantitative RT-PCR

Following treatments with ALA, cells were harvested
with Ultraspec™ RNA and total RNA was isolated ac-

cording to the manufacturer’s instructions (Biotecx
Laboratories Inc., Madrid, Spain). 1 pg of total RNA
was reversed transcribed (RT) and amplified (PCR)
by Access RT-PCR System (Promega) using 1 mM of
specific primers for HER2 (sense: 3-GGGCTGGCCC-
GATGTATTTGAT-3"; antisense: 5-ATAGAGGTTGTC
GAAGGCTGGGC-3"). As an internal control, B-actin
was used. The RT reaction was carried out for 45 min
at 48 °C. HER2 and B-actin ¢cDNAs were amplified
with 20 cycles to ensure that the PCR reactions were
performed in the linear range using the following
PCR profile: 96 °C for 30 sec, 60 °C for 1 min and 68°C
for 2 min. The PCR products were separated on a 2%
agarose gel and detected by ethidium bromide stain-
ing.

Immunoblotting

Following treatments with ALA, cells were washed
two times with PBS and then lysed in buffer [20 mM
Tris (pH 7.5), 150 mM NaCl, t mM EDTA, 1 mM EG-
TA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,
1 mM B-glycerolphosphate, 1 mM NazVOy, 1 pg/mlle-
upeptin, 1 mM phenylmethylsulfonylfluoride] for 30
min on ice. The lysates were cleared by centrifugation
in an eppendorff tube (15 min at 14.000 rpm, 4 °C).
Protein content was determined against a standard-
ized control using the Pierce protein assay Kkit
(Rockford, Ilinois, USA). Equal amounts of protein
were heated in SDS sample buffer (Laeml) for 10
min at 70 °C, subjected to electrophoresis on 3-8%
NuPAGE and then transferred to nitrocellulose mem-
branes. Nonspecific binding on the nitrocellulose fil-
ter paper was minimized by blocking for 1 hr at room
temperature (RT) with TBS-T [25 mM Tris-HCI, 150
mM NaCl (pH 7.5), and 0.05% Tween 20] containing
5% (w/v) nonfat dry milk. The treated filters were
washed in TBS-T and then incubated overnight at 4 °C
with anti-pi85Her-2/neu primary antibody in TBS-
T/5% (w/v) bovine serum albumin (BSA). The mem-
branes were washed in TBS-T, horseradish peroxi-
dase-conjugated secondary antibodies (Jackson
Immunoresearch Labs, West Grove, PA, USA) in TBS-
T were added for { h, and immunoreactive bands
were detected by enhanced chemiluminescence rea-
gent (Pierce, Rockford, Illinois, USA). Blots were re-
probed with an antibody for B-actin to control for pro-
tein loading and transfer.

In situ immunofluorescent staining

Cells were seeded at a density of 1 x 10* cells/well in
a four-well chamber slide (Nalge Nunc International,
Rochester, NY, USA). Following treatments with ALA,
cells were washed with PBS, fixed with 4% parafor-
maldehyde in PBS for 10 min, permeabilized with
0.2% Triton X-100/PBS for 15 min, and stored over-
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night at 4 °C with 10% horse serum in PBS. The cells
were washed, and then incubated for 2 h with anti-
pl8sHer2men autihody diluted 1:200 in 0.05% Triton
X-100/PBS. After extensive washes, the cells were in-
cubated for 45 min with FITC-conjugated anti-mouse
IeG diluted 1:200 in 0.05% Triton X-100/PBS. The
cells were washed five times with PBS and mounted
with VECTASHIELD + DAPI (Vector Laboratories,
Burlingame, CA, USA). As controls, cells were stained
with primary or secondary antibody alone. Control
experiments did not display significant fluorescence
in any case (data not shown). Indirect immunofluo-
rescence was recorded on a Zeiss microscope. Images
were noise-filtered, corrected for background, and
prepared using Adobe Photoshop.

HER2 promoter activity

Using FuGENE 6 transfection reagent (Roche Bioche-
micals, Indianapolis, IN) as directed by the manufac-
turer, overnight serum-starved cells seeded into 24-
well plates (~ 5 x 10% cells/well) were transfected in
low-serum (0.1% FBS) media with 1,500 ng/well of
the pGL2-Luciferase (Promega, Madison, WI) con-
struct containing a Luciferase reporter gene driven
by an intact HER2 promoter fragment (HER2 wild-
type PEA3-binding site-Luciferase) along with 150
ng/well of the internal control plasmid pRL-CMV,
which was used to correct for transfection efficiency.
After 18 h, the transfected cells were washed and
then incubated with either ethanol (@2) or ALA as
specified. Approximately 48 h after treatments, Luci-
ferase activity from cell extracts was detected with a
Luciferase Assay System (Promega, Madison, W],
USA) using a Victor?™ 1420 Multilabel Counter (Per-
kin Elmer Life Sciences). The magnitude of activation
in HER2 promoter-Luciferase-transfected cells was
determined after normalization of the Luciferase ac-
tivity in cells co-transfected with equivalent amounts
of the empty pGL2-Luciferase vector lacking the
HERZ2 promoter (&-Luciferase) and the internal con-
trol plasmid pRL-CMV. This control value was used
to calculate the relative change in the transcriptional
activities of HER2 promoter-Luciferase-transfected
cells in response to treatments after normalization to
pBRL-CMYV. The activity of the wild-type promoter in
untreated control cells was defined as 100%.

In vitro chemosensitivity testing

The ability of ALA to modulate breast cancer cell sen-
sitivity to the anti-HER2 monoclonal antibody tras-
tuzumab (Herceptin®) was determined using a stan-
dard colorimetric MTT (3-4, 5-dimethylthiazol-2-yl1-2,
5-diphenyl-tetrazolium bromide) reduction assay.
Cells in exponential growth were harvested by trypsi-
nization and seeded at a concentration of ~ 5 x 10°

cells/200 pl/well into 96-well plates, and allowed an
overnight period for attachment. Then the medium
was removed and fresh medium along with various
concentrations of ALA, 5 pg/ml trastuzumab or com-
binations of compounds, were added to cultures in
parallel. Agents were studied in combination concur-
rently. Control cells without agents were cultured us-
ing the same conditions with comparable media
changes. Compounds were not renewed during the
entire period of cell exposure. Following treatment,
the medium was removed and replaced by fresh
drug-free medium (100 pl/well), and MTT (§ mg/ml
in PBS) was added to each well at a 1/10 volume.
After incubation for 2-3 h at 37 °C, the supernatants
were carefully aspirated, 100 ul of DMSO were added
to each well, and the plates agitated to dissolve the
crystal product. Absorbances were measured at 570
nm using a multi-well plate reader (Model Anthos
Labtec 2010 1.7 reader). The cell viability effects from
exposure of cells to each compound alone and their
combination were analyzed as percentages of the
control cell absorbances, which were obtained from
control wells treated with appropriate concentrations
of the compounds vehicles that were processed si-
multaneously. For each treatment, cell viability was
evaluated as a percentage using the following equa-
tion: (As57p of treated sample/As7y of unireated sample)
x 100.

Statistical analyses

Data are the mean and 95% confidence intervals (95%
Cl) of three independent experiments. A two-way
ANOVA was used to analyze differences between the
treatment and the control groups.

RESULTS

Exogenous supplementation with ALA
down-regulates HER2-coded p185Her-2/neu
tyrosine Kinase receptor in HER2-overexpressing
breast cancer cells

We first performed a quantitative measurement of
pi1ggHer-2/nen jevels ysing a HER2-specific ELISA (fig.
1A). A 48 h exposure of HER2-overexpressing SK-Br3
cells to increasing concentrations of ALA (0, 10 and
20 uM) was found to significantly down-regulate
HER2 protein expression by 44% (from 5.24 &£ 0.2
fmol HER2 pg! in untreated control SK-Br3 cells to
2.93 + 0.3 fmol HER2 pg! in SK-Br3 cells treated with
20 uM ALA; figure 1A, left panel). An up to 59% re-
duction in HERQ2 protein expression was observed in
AL A-treated BT-474 cells (from 95% CI = 5.5-6.5 fmol
HER2 ug™! in untreated control BT-474 cells to 95% CI
= 2.45-2.49 fmol HER2 pgt in BT-474 cells treated
with 20 uM ALA; figure 1A, right panel). Accordingly,
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flow cytometric analyses using a monoclonal anti-
body directed against the extracellular domain of
HER2 (Ab-5) established the ability of ALA (10 uM, 48
h exposure) to dramatically decrease the expression

Fig. 1. Exogenous supplementation with ALA down-regu-
lates HER2 expression in breast cancer cells bearing HER2
gene amplification. A)The Oncogene Science HER2
Microtiter ELISA was used according to the manufacturer’s
instructions to compare the baseline expression of HER2 in
SK-Br3 (left) and BT-474 (right) breast cancer cell lines in
the presence or absence of increasing concentrations of
ALA (0, 10 and 20 uM). B) Left. Overnight serum-starved
BT-474 cells were cultured in IMEM-0.1% FBS in the pres-
ence or absence of 10 yM ALA for 48 h. The specific surface
expression of p185Her-2Zneu jn Al A-treated cells was
determined by flow cytometry by measuring the binding of
a mouse anti-p185He"2"eu monoclonal antibody directed
against the extracellular domain of p185Her-2neu (Ah.5
clone) as described in «Material and methods». The mean
fluorescence signal + S. D. (n =3) associated with cells for
labeled p185Her-2ineu was quantified using the Geo Mean
fluorescence (GM) parameter provided with the Cell Quest
Software (Becton Dickinson) Right. Overnight serum-
starved BT-474 cells were culitured in IMEM-0.1% FBS (top
panels) or IMEM-0.1% supplemented with 10 uM ALA
(bottom paneis) for 48 h in eight-well chamber slides. Cells
were then fixed with 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100, and labeled for 2 h with an anti-
p18sHer2neu monocional antibody directed against the
cytoplasmic domain of p185Her-2/neu (A3 clone). After
labeling, cells were washed thoroughly, and localization of
pigsHerneu yag detected by indirect immunofluorescence
by incubating with FITC-conjugated anti-mouse IgG. After
counterstaining with DAPI, cells were examined and pho-
tographed using a Zeiss fluorescent microscope equipped
with a buiit-in camera. The figure shows a representative
immunostaining analysis. Similar results were obtained in
three independent experiments. C) Top. BT-474 cells were
cultured in the presence of graded concentrations of ALA
for 48 h. 20 kg of protein was subjected to Western blot
analyses with specific antibodies against p185Her-2/neu
(Ab-3) or g-actin. A representative immunoblotting analysis
is shown (n = 3). Bottom. Total RNA from ALA-treated
BT-474 cells was isolated and RT-PCR analyses for HER2
and g-actin transcripts expression were performed as
described in «Material and methods ». The figure shows a
representative RT-PCR analysis. Similar results were
obtained in three independent experiments. D) Overnight
serum-starved BT-474 cells seeded into 24-well plates

(~ 5 x 10* cells/well) were transfected in low-serum

(0.1% FBS) media with 1,500 ng/well of the pGL2-Luciferase
construct containing a Luciferase reporter gene driven

by an intact HER2 promoter fragment along with 150 ng/well
of the internal control plasmid pRL-CMV. Experimental
treatments and Luciferase activity assays were carried out
as described in «Materials and methods». The activity of the
ALA-treated samples was calculated relative to that found
in control cells treated with ethanol (= 100% Luciferase
activity). Data are the mean (columns) and 95% confidence
intervals (bars) of three experiments performed in duplicate.
One-factor ANOVA was used to analyzed differences

in the percentages of reduction in cell viability between the
treatment groups. *p < .001 for all the ALA concentrations
tested versus control cells treated with v/v ethanol
(one-factor analysis of variance). All statistical tests were
two-sided.

levels of cell surface-associated HER2 in BT-474 cells
(> 50% reduction; figure 1B, left panel). Equivalent
results were found in HERZ2-overexpressing SK-Br3
breast cancer cells (data not shown).
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MENENDEZ JA, VAZQUEZ-MARTIN A, ROPERO S, COLOMER R, LUPU R. HER2 (ertB-2)- TARGETED EFFECTS OF THE w-3
POLYUNSATURATED. FATTY ACID a-LINOLENIC ACID (ALA; 18:3N-3) IN BREAST CANCER CELLS: THE «FAT FEATURES»
OF THE «MEDITERRANEAN DIET» AS AN «ANTI-HER2 COCKTAIL»

When we analyzed the impact of ALA treatment in
the sub-cellular localization of p 185Her-2/0¢U ypyeat-
ed cells showed a prominent cell-surface staining of
pl83Her-2/neu g4 ag5essed by immunfluorescence mi-
croscopy. Upon ALA exposure, the membrane stain-
ing of p185Her-2/net wag clearly diminished (fig. 1B,
right panel). A significant decrease in the expression
of HERZ2-coded pi8sHer2/men gpcoprotein was also
observed in immunoblotting analyses of total protein
lysates from Al.A-treated BT-474 breast cancer cells
using a meonoclonal antibody recognizing the car-
boxyl terminal 14 amino acids of p185Her-2/neu (A} 5.
figure 1C, top panel).

Exogenous supplementation with ALA reduces
HER2 mRBNA levels and HER2 gene promoter
aclivity

Although overexpression of HER2 both in tumor and
in derived cell lines was originally attributed solely to
amplification of erbB-2 gene (usually 2-to 10-fold), an
elevation in HER2 mRNA levels per gene copy is also
observed in all the cell lines examined that exhibit
gene amplification?!. Indeed, an increase in tran-
scription rate sufficient to account for the degree of
overexpression has been shown in a number of
HERZ-overexpressing breast cancer cell lines?2?22,
Our approach therefore sought to characterize the ef-
fects of exogenous supplementation with ALA on the
transcription rate of HER2 oncogene. First, a dose-de-
pendent reduction on the expression levels of HER2
mRNA was observed in semi-quantitative RT-PCR
analyses of RNA isolated from ALA-treated BT-474
cells (fig. 1C, bottom panel). Then, we performed
transient transfection experiments with a Luciferase
reporter gene driven by the HER2 promoter (pNulit).
Remarkably, ALA treatment was found to significant-
Iy repress the activity of HER2 gene promoter (up to
~ 80% inhibition) in BT-474 cells. Equivalent results
were found in HER2-overexpressing SK-Br3 cells (da-
ta not shown). These findings, altogether, strongly
suggest that down-regulation of HER2 promoter ac-
tivity is a major molecular mechanism underlying
the anti-HERQ effects observed upon exogenous sup-
plementation with ALA of HER2 gene-amplified hu-
man breast cancer cells.

ALA co-exposure synergistically enhances
trastuzumab (Herceptin®) elTicacy
in HER2-overexpressing breast cancer cells

We finally explored whether the down-regulatory ef-
fects of ALLA on HERZ gene expression could modulate
the growth inhibitory effects of trastuzumab (Her-
ceptin®), a humanized monoclonal antibody binding
with high affinity to the ectodomain of p185Her-2/neu
oncoprotein and showing encouraging therapeutic ef-

Toxicity (%)

[ TRASTUIUMAB (5 pg/mi)

0O A

[ TRASTUIUMAB + ALA
2.5 10

5 5 20 40
ALA (M)  “p<.001: two-way AN

Fig. 2. Concurrent exposure to ALA and trastuzumab syn-
ergistically reduces cell viability in HER2-overexpressing
BT-474 breast cancer cells, Cell sensitivity to trastuzumab
and ALA was determined using a standard colorimetric
MTT reduction assay as described in «Materials and meth-
ods»,. For each pair of columns, the height of the columns
on the left represents the sum of the effect of each agent
alone and, therefore, the expected % reduction in cell via-
bility if their effect is additive when used in combination.
The total height of the columns on the right indicates the
observed % reduction in cell viability when the agents were
used in combination. The difference between the heights of
the paired columns reflects the magnitude of the synergy
on reducing cell viability. Data are the mean (columns) and
95% confidence intervals (bars) of three experiments per-
formed in triplicate. One-factor ANOVA was used to ana-
lyzed differences in the percentages of reduction in cell vi-
ability between the treatment groups. *p < .001 for the ALA
+ trastuzumab groups versus ALA and trastuzumab as sin-
gle agents for all the ALA concentrations tested (one-factor
analysis of variance). All statistical tests were two-sided.

fects in patients with HER2-overexpressing metastatic
breast cancer?*28 We evaluated the change in cell
toxicity of a sub-optimal concentration of trastuzum-
ab (5 pg/ml) following a 72 h co-exposure to increas-
ing concentrations of ALA (2.5, 5, 10, 20 and 40 uM
ALA). The metabolic status of BT-474 cells cultured
with trastuzumab in the absence or presence of ALA
was judged by the mitochondrial conversion of the
tetrazolium salt, MTT, to its formazan product (MTT-
based cell viability assays). The simultaneous pres-
ence of ALA during the incubation time with trastu-
zumab caused an important increase on trastuzumab
activity (fig. 2). For instance, while only 13% toxicity
was observed in the presence of 10 uM ALA, the cell
toxicity induced by 5 ug/ml trastuzumab increased
from 14% to 52% (95% Cl = 44% to 62%) in the pres-
ence of 10 uM ALA. A two-way ANOVA showed that
concurrent exposure to ALA and trastuzumab syner-
gistically enhanced the cylotoxic effects achieved
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with ALA and trastuzumab as single agents in a sta-
tistically significant manner (p <.001 for all the range
of ALA concentrations combined with trastuzumab).

DISCUSSION

In vitro and animal studies clearly demonstrate that
deregulated HER2 expression plays a pivotal role in
malignant transformation and tumorigenesis. Over-
expression of HER2 has also been associated with
more aggressive phenotypes of breast cancer and an
increased potential for forming metastases. Although
there are controversies regarding HER2 and anti-can-
cer therapies both in clinical investigations and labo-
ratory studies, substantial evidences have been accu-
mulated indicating that HER2 gene also affects the
sensitivity of cancer cells to various treatments such as
chemotherapy, hormone therapy, radiation therapy
and cytokine treatment Not surprisingly, patients
with HER2-overexpressing breast cancer are associ-
ated with unfavorable prognosis, shorter relapse time
and low survival rate29,30,

We here report that exogenous supplementation with
ALA specifically suppresses HER2 overexpression at
the transcriptional level in cultured HER2 gene-am-
plified breast cancer cells. ALA-induced repression of
HER2 expression, in turn, interacts synergistically
with anti-HER2 breast cancer immunotherapy by en-
hancing the growth inhibitory activity of the anti-Her-
2/neu monoclonal antibody trastuzumab (Hercep-
tin®) in breast cancer cells with amplification of the
HER2 oncogene. Although caution must be applied
when extrapolating in vitre results into clinical prac-
tice, this previously unrecognized property of ALA
should help in the understanding of the molecular
mechanisms by which individual dietary FAs may
regulate the malignant behavior of breast cancer
cells. Moreover, a randomized double-blind placebo-
controlled clinical trial recently evaluated the effects
of dietary flaxseed, which has an exceptionally high
concentration of ALA (57% of total fatty acids) on tu-
mor biological markers in postmenopausal patients
with newly diagnosed breast cancer®, The results of
this clinical trial demonstrated that daily intake of 25
g flaxseed can significantly reduce cell proliferation,
increase apoptosis, and affect cell signaling by reduc-
ing HER2 expression of breast tumors. A 71.0% re-
duction in HER2 expression and an increase in apop-
tosis (30.7%) were observed in the flaxseed, but notin
the placebo group® Indeed, the total intake of
flaxseed was correlated with changes in HER2 expres-
sion and apoptotic index® Although the high content
of mammalian lignan precursors may also explain
some of these effects, our current findings strongly
support the notion that ALA is playing a key role in
dietary flaxseed-induced reduction in HER2 expres-
sion in patients with breast cancer.

It has been assumed that, in contrast to hormones,
growth factors and cytokines, gene expression is not
affected directly by nutrients. However, it has recent-
ly been described that lipids can regulate gene ex-
pression®!-?2, Thus, exogenously-derived FAs appear
to interact with the human genome by regulating the
activity or the amount of transcription factors such as
Peroxisome Proliferator-Activated Receptors (PPAR)
or the Sterol Response Element Binding Protein (SREBP).
We recently considered that these effects of dietary
fats on gene expression may open the door to a whole
new line of research aimed to molecularly character-
ize the counterintuitive anti-cancer properties of a
high-fat Mediterranean diet». Recently published ex-
periments from our laboratory showed that dietary
FAs previously characterized for either their breast
cancer protective effect and/or its tumoricidal actions
(-3 PUFAs docosahexaenoic acid -DHA- and eicos-
apentaenoic acid -EPA- and ©-9 monounsaturated
fatty acid oleic acid ~OA-) significantly down-regulate
HER2 expression in human cancer models naturally
exhibiting HER2 gene amplification and HER2 pro-
tein overexpression®3% Moreover, exogenous sup-
plementation with ALA, DHA, EPA or OA significant-
ly diminishes proteolytic cleavage of the extracellular
domain of HERZ, a crucial event that determines both
the aggressive hiological behavior of breast carcino-
mas and the breast cancer response to chemotherapy,
anti-estrogens and the anti-HER2 antibody trastuzu-
mab?*. Conversely, linoleic acid, a ©-6 PUFA with a
strong tumorigenesis stimulating effect, appears to
significantly up-regulate HER2 expression (data not
shown) while significantly increasing HER2 extracel-
lular domain concentration®; (fig. 3). As recently
demonstrated by Bougnoux and cols. in their recent
hypothesis/commentary «Diet, Cancer and the Lipi-
dome»*0, a careful reappraisal of the role of the envi-
ronmental exposure to dietary FAs in breast cancer
risk (and progression) must be done before public
health applications based on some of the components
of the so-called «Mediterranean diet». These findings,
altogether, underline the concept that a single fatty
acid cannot longer be considered as an independent
biomarker of breast cancer risk. Alternatively, two
prominent fat features of the «Mediterranean diet»,
ie, a low ©-6/0-3 PUFA ratio and elevated MUFA
levels appear to be a new composite biomarker of a
low risk for breast cancer and, probably, for other
types of human cancer. Since HER2 oncogene plays
an active role in breast cancer etiology and progres-
sion, our current results not only are in line with ani-
mal and epidemiological studies showing high levels
of AL A to be protective against breast cancer but fur-
ther provide a novel molecular mechanism underly-
ing the anti-breast cancer (tumoricidal) actions of
ALA. Moreover, a low o-6/0w-3 PUFA ratio and elevat-
ed -9 MUFA levels, the key “Mediterranean diet’s fat
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DAUETARY PATTY ACIDS REGULATORY
ACTIONS on HERD expreision

Fat features of the
“Mediterranean diet”

Low rafio w-6/w-3 PUFAS +
High levels of «-% MUFA

@4 PuraD)

FA | HER2 expression

Down-reguialion

b LA Vp reguiahon

z 4
Z| @108 S
1tra | Down reguiaton o -
S| @3 rurad
J ALA | Down reguiation
HER2 (erbB-2)
1 OnA | Down reguiaton

Fig. 3. The «fat features» of the «Mediterranean diet» as an
«anti-HER2 cocktail». Left. We previously demonstrated
that @-3 PUFAs such as DHA and EPA as well as the -9
MUFA OA significantly inhibits HER2 expression and/or ac-
tivity in human cancer models naturally exhibiting HER2
gene amplification and HER2 protein overexpression.
Conversely, the @-6 PUFA LA was found to significantly up-
regulate HER234 39, Right. Two prominent «fat features» of
the «Mediterranean diet», i.e., a low @-6/@-3 PUFA ratio and
elevated -9 MUFA levels appear to be a new composite
biomarker of a low risk for breast cancer??, Since HER2
oncogene plays an active role in breast cancer etiology
and metastatic progression, our findings support the no-
tion that a low @-6/e-3 PUFA ratio and elevated o9 MUFA
levels, the key «Mediterranean diet’s fat features», can be
expected to be extremely efficient at blocking HER2 ex-
pression. The predictable anti-HER2 actions of the «Medi-
terranean diet’s fat features» not only can explain their po-
tential protective effects on the promotion and progression
of breast cancer disease.

features”, can be expected to be extremely efficient at
blocking HER2 expression (fig. 3).

In summary, considering that dietary interventions
based on ALA-rich flaxseed has already been demon-
strated to significantly reduce HER2 expression in
breast cancer patients&, our current characterization
of the anti-HER2 actions of the ©-3 PUFA reveal an
inexpensive and readily available dietary alternative
or adjunct to currently used drugs in the manage-
ment of HER2-positive breast carcinomas. This ALA-
based therapeutic approach, which will repress HER2
at the transcriptional level, might be even more bene-
ficial when given in combination with molecular
therapies directed against HER2 such as trastuzumab,
which target the ectodomain of HER2 and promote its
degradation. Certainly, an appropriate dietary inter-
vention reproducing the predictable anti-HER2 ac-
tions of the «Mediterranean diet’s fat features» should
be accomplished in animal models and human pilot
studies in the future. Only then we will know
whether the old «Mediterranean dietary traditions»
can successfully work as a valuable «anti-HER2 cock-
tail» in the management of HER2 positive-breast can-
cer disease.

References

o1

O

o

. Bougnoux P, Koscielny 8§,

. Munoz 8F, Silva

Chajes V,
Descamps P, Couet G, Calais G. Alpha-
linolenic acid content of adipose tissue: a
host determinant of the risk of early
metastasis in breast cancer. Br J Cancer,
1994,70:550-4.

. Klein V, Chajes V, Germain E, et al. Low

alpha-linolenic acid content of adipose
tissue is associated with an increased risk
of breast cancer. Eur J Cancer. 2000;36:
5335-40.

. Kamano K, Okuyama H, Konishi R, Naga-

sawa H. Effects of a high-linoleate and
high-alpha-linolenate on spontaneous
mammary tumorigenesis in mice, Anti-
cancer Res. 1989;9:1903-8,

. Fritsche K1, Johnston PV, Effect of dietary

alpha-linolenic acid on growth, metasta-
sis, fatty acid profile and prostaglandin
production of two murine mammary ade-
nocarcinomas. J Nutr, 1990:120:1601-9.

. Hirose M, Masuda A, Ito N, Kamano K,

Okuyama H. Effects of dietary perilla oil,
soybean oil and safflower oil on 7,12-di-
methylbenz(a) anthracene (DMBA) and
1,2-domethylhydrazine (DMH)-induced
mammary gland and colon carcinogenesis
in female 8D rats. Carcinogenesis. 1990;
11:751-5.

BA, Lamarque A,
Guzmdn CA, Eynard AR, Protective capa-
bility of dietary Zizyphus mistol seed oil,
rich in 18/3 n-3, on the development of
two murine mammary gland adenocarci-
nomas with high and low metastatic po-
tential.  Prostaglandins Leukot HEssent
fatty Acids. 1995:553:155-8.

. Chajes V, Sattler W, Stranzl A, Kostner

GM. Influence of n-3 fatty acids on the
growth of human breast cancer cells in
vitro: relationship to peroxides and vita-

54:199-212.

biological

3828-35.

Nature. 1986;519:226-30.

Wi,

82

Science. 1989:244:707-12.

oncogene in

erbB-2 is a potent oncogene when overex-
pressed in NIH/3T3 cells. Science. 1987;
257:178-82.

. Hudziak RN, Schlessinger J, Ullrich A, In-

creased expression of the putative growth

Clin Transl Oncol. 2006;8(11):812-20

factor receptor pl85HER2 causes trans-
formation and tumorigenesis of NIH 3T3
cells. Proc Natl Acad Sci USA. 1987;84:
7159-63.

min E. Breast Cancer Res Treat. 1995; 16. Xu R, Perle MA, Inghirami G, Chan W,
Delgado Y, Feiner H. Amplification of
. Thompson LU, Chen IM, Strasser-Weippl Her-2/neu gene in Her-2/neu-overexpres-
K, Goss PE. Dietary flaxseed alters tumor sing and -nonexpressing breast carcinomas
markers in postmenopausal and their synchronous benign, premalig-
breast cancer. Clin Cancer Res. 2005;11: nant, and melastatic lesions detected by
FISH in archival material. Mod Pathol.
. Yamamoto T, Ikawa 8, Akivama T, et al. 2002;15:116-24.
Similarity of protein encoded by the hu- 17. Hoque A, Sneige N, Sahin AA, Menter DG,
man c-erbB-2 gene to epidermal growth Bacus JW, Hortobagyi GN, et al. Her-
factor recepior. Nature, 1986;319:250-4., 2/neu gene amplification in ductal carci-
. Bargmann Cl, Hung MC, Weinberg RA. noma in situ of the breast. Cancer Epi-
The neu oncogene encodes an epidermal demiol Biomarkers Prev, 2002;11:587-90.
growth facltor receptor-related protein. 18. Tan M, Yao J, Yu D. Overepression of the
c-erbB-2 gene enhanced intrinsic metas-
. Slamon DY, Clark GM, Wong 8G, Levin tasis potencial in human breast cancer
Ullrich A, McGuire WL, Human cells without increasing their transforma-
breast cancer: correlation of relapse and tion abilities. Cancer Res. 1997;57:11989-
survival with amplification of the HER- 205.
2/meu oncogene. Science. 1987;255:177- 19, Eceles SA. The role of c-erbB-2/HERY2/
. neu in breast cancer progression and me-
. Slameon D1 Godolphin W, Jones LA, et al. tastasis. J Mammary Gland Biol Neopla-
Studies of the HER-2/neu prote-oncogene sia. 2001:6:5953-406.
in human breast and ovarian cancer. 20. Yakes FM, Chinralanalab W, Ritter CA, et
al. Herceplin-induced inhibition of phos-
. Ross I8, Fletcher JA. The HER-2/neu phatidylinositel-3 kinase and Akt is re-
breast cancer: prognostic quired for antibody-mediated effecls on
factor, predictive faclor, and target for pR7, cyelin DI, and antitumor action.
therapy. Stem Cells. 1998;16:415-28. Cancer Res. 2002,62:4132-41.
. Di Fiore PP, Pierce JH, Kraus MH, et al. 21. Kraus MH, Popescu NG, Amsbaugh 8C, et

al. Overexpression of the BEGF receptor-
related proto-oncogene erbB-2 in human
mammary tumour cell lines by different
molecular mechanisms. EMBO J. 1987:6:
605-10.

819



MENENDEZ JA, VAZQUEZ-MARTIN A, ROPERO S, COLOMER R, LUPU R. HER2 (ertB-2)- TARGETED EFFECTS OF THE w-3
POLYUNSATURATED. FATTY ACID a-LINOLENIC ACID (ALA; 18:3N-3) IN BREAST CANCER CELLS: THE «FAT FEATURES»
OF THE «MEDITERRANEAN DIET» AS AN «ANTI-HER2 COCKTAIL»

24.

25,

28.

Q. Bates NP, Hurst HC. Transcriptional regu-

lation of type | receptor tyrosine kinases
in the mammary gland. J Mammary
Gland Biel Neoplasia. 1997:2:155-63.

. Hurst HC. Update on HER-2 as a target

for cancer therapy. The erbB-2 promoter
and its exploitation for cancer treatment.
Breast Cancer Res. 2001;53:395-8.

Carter P, Presta L, Gorman CM, et al
Humanization of an anti-p185HFR2 anyi-
body for human cancer therapy. Proc Nat
Acad Sci USA. 1992;89:4285-9.

Baselga J, Tripathy D, Mendelschn J, et
al. Phase Il study of weekly intravenous
recombinant humanized anti-pl85HER2
monoclonal antibody in patients with
HER2/Mmeu-overexpressing metastatic bre-
ast cancer. J Clin Oncol. 1996:14:737-44.

. Cobleigh MA, Vogel CL, Tripathy D, et al.

Multinational study of the efficacy and
safety of humanized anti-HER2 mono-
clonal antibedy in wemen who have
HERZ2-overexpressing metastatic breast
cancer that has progressed after chemo-
therapy for melastalic disease. J Clin
Oneol. 1999;17:2630-48.

. Vogel CL., Cobleigh MA, Tripathy D, et al.

Efficacy and safety of trastuzumab as a
single agent in first-line treatment of
HERZ2-overexpressing metastatic breast
cancer. J Clin Oncel, 2002;20:719-26.

Slamon DJ, Leyland-Jones B, Shak § et
al. Use of chemotherapy plus a mono-

820

29.

clonal antibody against HER2 for metas-
tatic  breast cancer thal overexpress
HER2. N Engl J Med 2001;344:783-92.
Ross IS, Fletcher JA, Bloom K, et al. Tar-
geted therapy in breast cancer: the HER-
2/men gene and protein. Mol Cell Pro-
teomiecs. 2004,3:379-98.

. Nahta B, Yu D, Hung MC, Hortobagyi GN,

Esteva FJ. Mechanisms of Disease: un-
derstanding resistance to HERZ2-targeted
therapy in human breast cancer, Nat Clin
Pract Oncol. 2006;5:269-80.

. Wahle KW, Rotondo D, Heys 8D, Polyun-

saturated falty acids and gene expression
in mammalian systems. Proc Nutr So.
2003:62:349-60.

532. Jump DB. Fatty acid regulation of gene

transeription. Crit Rev Clin Lab Sci. 2004
41:41-78.

. Pégorier JP, Le May C, Girard J. Control

of gene expression by fatty acids. J Nutr,
2004;134:24445-98,

. Menendez JA, Ropero 8, Lapu R, Colomer

R. Dietary falty acids regulate the activa-
tion status of Her-2/neu {c-erbB-2) onco-
gene in breast cancer cells, Ann Oncol.
2004:15:1719-21.

. Menéndez JA, Lupu R, Colomer R, Exoge-

nous supplementation with omega-3 po-
Iyunsaturated faily acid docosahexaenoic
acid (DHA; 22:6n-3) synergistically en-
hances taxanes cyloloxicity and downreg-
ulates Her-2/neu (c-erbB-2) oncogene ex-

Clin Transl Oncol. 2006;8(11):812-20

40,

pression in human breast cancer cells.

EurJ Cancer Prev. 2005;14:263-70.

. Menéndez JA, Vellén L, Colomer R, Lupu

R. Oleic acid, the main monounsaturaled
fatty acid of olive oil, suppresses Her-
2/neu (erbB-2) expression and synergisti-
cally enhances the growth inhibitory el-
fects of trastuzumab (Herceptin} in breast
cancer cells with Her-2/neu oncogene
amplification. Ann Oncol. 2005;16:359-71.

. Menéndez JA, Vellén L, Golomer R, Lupu

R. Effect of gamma-linolenic acid on the
transcriptional activity of the Her-2/neu
(erbB-2) oncogene. J Natl Cancer Inst.
2005;97:1611-5.

. Menéndez JA, Papadimitropoulou A, Ve-

Han L, Colomer R, Lupu R. A genomic ex-
planation connecting “Mediterranean di-
et”, olive oil and cancer: Oleic acid, the
main monounsaturated fatty acid of olive
oil, induces formation of inhibitory “PEAS
transcription factor-PEA3 DNA hinding
site” complexes at the Her-2/neu (erbB-2)
oncogene promeoter in breast, ovarian and
stomach cancer cells. Eur J Cancer. 2000
Jan 4 [Epub ahead of print].

. Menéndez JA, Lupu R. RESPONSE: Re: Ef

fect of -Linolenic Acid on the Transcrip-
tional Activity of the Her-2/neu (erbB-2) On-
cogene. J Natl Cancer Inst, 2006;98:718-20.
Bougnoux P, Giraudeau B, Couet C, Diet,
cancer and the lipidome. Cancer Epide-
miol Biomarkers Prev. 2006;15:416-21.



